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Abstract. The impact and requirements for implementing stratospheric or high altitude 
vehicles for communications coverage may vary from one geographical location to another. 
These variations may impose signiﬁcant constraints on energy and various key parameters of 
the vehicle’s operation and performance. This paper therefore, examines the potential for 
autonomous ﬁxed-wing unmanned (Pilot-less) solar-powered High Altitude Platform Station 
or Pseudo-Satellite (HAPS) to provide persistent communications coverage. As a solar 
dependent platform, the potential for harnessing green energy and long platform endurance 
makes it an attractive communications coverage option. However, the variation of latitude 
and seasons across the globe presents an implementation constraint and challenges power 
availability and coverage capability. This paper investigates how the services of a typical 
solar-powered HAPS are affected by latitude and season. It shows that the degree of 
insolation directly affects the unmanned aircraft’s altitude, hence, its footprint diameter and 
power available to the communications payload. The paper highlights effective energy 
management algorithms as key to successful implementation of solar-powered unmanned 
HAPS especially at challenging latitudes and seasons. 
Keyword: Solar-Powered HAPS, Communications, UAV. 
Abstrak. Dampak dan persyaratan dalam mengimplentasikan ketinggian kapal ruang 
angkasa untuk jangkauan komunikasi dapat bervariasi dari satu lokasi geografis ke lokasi 
lain. Variasi ini dapat menimbulkan hambatan yang signifikan pada energi dan berbagai 
parameter kunci dari operasi dan kinerja kendaraan tersebut. Oleh karena itu, makalah ini 
meneliti potensi autonomous ﬁxed-wing unmanned (tanpa pilot) bertenaga surya High 
Altitude Platform Station or Pseudo-Satellite (HAPS) untuk menghasilkan jangkauan 
komunikasi yang persisten. Sebagai platform yang bertenaga surya, potensi untuk 
memanfaatkan green energy dan daya tahan platform menjadikannya sebuah pilihan 
jangkauan komunikasi yang menarik. Namun, variasi garis lintang dan musim di seluruh 
dunia memunculkan sebuah kendala implementasi dan meragukan ketersediaan daya dan 
daya jangkauan. Makalah ini meneliti bagaimana layanan HAPS bertenaga surya 
dipengaruhi oleh garis lintang dan musim. Ini menunjukkan bahwa tingkat insolasi secara 
langsung mempengaruhi ketinggian pesawat tak berawak, oleh karena itu, diameter dan 
kekuatan kaki kendaraan tersebut dibutuhkan untuk membawa muatan peralatan 
komunikasi. Makalah ini menyoroti algoritma manajemen energi yang efektif sebagai kunci 
keberhasilan pengimplementasian HAPS tak berawak bertenaga surya terutama pada garis 
lintang dan musim yang menantang. 
Kata Kunci: HAPS Tenaga Surya, Komunikasi, UAV 
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1. Introduction 
HAPS is considered a platform for providing persistent communications coverage to mobile and ﬁxed users, 
with inherent technical strengths of terrestrial and satellite communications systems combined [1], [2], [3]. 
Speciﬁcally, HAPS offer large footprints with signal latency similar to terrestrial systems. Furthermore, 
they can be easily recovered and redeployed to meet changes in demand, a new capability that neither 
satellite nor terrestrial systems can offer effectively. 
Providing communications coverage and services from unmanned HAPS platforms has been 
proposed in literature and treated in varying depths by Grace et al and others, for example [4]. 
The application of HAPS for broadband implementation speciﬁcally has also been widely 
investigated and cited as a potentially viable technology for providing wide area broadband 
coverage [3], [2]. However, until speciﬁc technical challenges are resolved, HAPS may not be 
integrated fully both as a communications infrastructure and an aviation vehicle [5]. Early studies 
were based on lighter-than-air (LTA) craft [1], [2], but recent developments by Airbus (Zephyr-
S) and others have shown that heavier-than-air (HTA) craft offer a feasible alternative [6]. 
This paper considers how a particular type of HAPS, based on solar-electric aircraft, can be used 
to provide area communications coverage from altitudes up to 25km. Area coverage in this 
context refers to a form of blanket coverage as deﬁned by Gage and Howard et al [7], [8], to 
provide communications services over an area of interest. A HAPS operating at such altitudes has 
a usable communications footprint of approximately 130 km diameter or up to 14000 sq km 
circular area depending on considered elevation angle [9]. The choice of platform and its 
characteristics strongly inﬂuence the service that can be delivered to subscribers [10], [11]. 
Futhermore, the design and construction of solar-powered ﬁxed-wing aircraft demands very light 
aircraft with large wing area [12]. Making the craft lightweight makes it susceptible to adverse 
winds and turbulence, particularly when climbing to or descending from its operating altitude. 
The current generation of ﬁxed-wing HAPS can typically carry payloads of a few tens of kg and 
support them with a few hundred watts placing limits on the complexity and functionality of the 
payloads. Airbus and few other players have HAPS platforms at varying levels of development 
[6]. 
Although, Solar-electric aircrafts may enable signiﬁcantly increased ﬂight endurance they present 
power management challenges [13]. During the day the solar panels need to generate a surplus of 
energy that can be stored for overnight use. Most of this energy is stored electrically in batteries, 
but some is stored as potential energy by using propulsive power to increase altitude. The stored 
electrical energy can be released overnight to power onboard systems, including the 
communications payload. Any remaining electrical energy can be used to maintain altitude until 
safety margins are reached. After this the aircraft glides to a lower altitude until the sun illuminates 
the solar panels after dawn. 
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1.1 Geographical Considerations 
On key area of consideration which underpins this work is the impact of geography on the 
operations of the solar HAPS. During winter at higher latitudes the short days and low elevation 
angle of the sun provide a worst-case scenario for solar HAPS. The long night deeply discharges 
the batteries, and the low insolation barely replenishes the batteries before sunset. Increasing the 
battery capacity is not always possible, the additional weight can result in steeper glides and lower 
ﬁnal altitudes, requiring increased propulsive energy to climb back to the operating altitude. There 
is thus a limit to the highest latitude at which any solar-electric aircraft can operate continuously. 
Therefore, geography may be a major consideration in the implementation of this technology 
globally and forms a key aspect of this work. 
The geographical factor introduces a complex energy management dynamics and has two main 
effects on the communications payload. Firstly, the stored electrical energy must be rationed to 
ensure that the aircraft systems operate. This may involve reducing power to the payload during 
the night, hence reducing the services available to subscribers. Secondly, the reduction in altitude 
during the night reduces the diameter of the communications footprint. This directly affects the 
service to subscribers at the edge of the footprint. Implementing HAPS in the described manner 
may have signiﬁcant impact as terrestrial systems are essentially ﬁxed infrastructure while 
satellite constellations have limitations of cost and complex operational requirements [14], [3]. 
This work describes how this problem is being addressed through current research efforts in this 
ﬁeld. To realise the full potential of HAPS and to position it as a viable solution for providing 
communication services, extensive research has to address the complexity and challenges of 
seamless solar power collection and management.  
In this paper, section 1 introduces unmanned ﬁxed wing solar-powered HAPS and its unique 
capabilities and limitations. In section 2 the scenario and problem formulation details are 
introduced. Section 3 describes the model of the simulated HAPS highlighting its aeronautical, 
power and communications payload conﬁgurations. Section 5 details the simulation scenario and 
presents simulation results of power and coverage performance of the solar HAPS platform at 
different latitudes and seasons. The result analysis provides insight into the unique challenges of 
power on system availability and coverage capability. Finally, section 6 draws conclusions on the 
work and considers future work. 
2. Scenario and Problem Formulation 
The application of solar-HAPS stretches technical capability as it demands signiﬁcant 
improvement in size, weight and power (SWaP) dimensions. However, energy proﬁle of solar 
dependent HAPS systems will have considerable impact on available power for ﬂight control, 
propulsion and payloads and therefore, demands further research. Solar irradiance theoretically 
varies globally depending on latitude and season. This research paper investigates how much 
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impact latitude and season variation will have on the performance of a solar-powered HAPS 
platform. Since, footprint changes with altitude and altitude is a function of available power 
required to maintain the HAPS at such altitudes [5]. It follows therefore, that coverage may be 
impacted if solar irradiance varies signiﬁcantly and affects available energy storage. The work 
studies various geographical latitudes to establish a variation curve that may provide tighter 
performance measurements for HAPS design and implementation consideration. This work 
therefore lays a foundation and provides a basis to investigate performance of solar HAPS in 
different latitudes and how coverage and energy challenges vary from latitude to latitude. The 
HAPS was later simulated to operate speciﬁcally at 6 degrees latitude due to proximity to the 
equator and assumed higher irradiance throughout the year, and at higher latitude of 53 degrees. 
By comparing the performance of the HAPS in these latitudes, the problem could be investigated 
within two distinct geographical scenarios (these latitudes were chosen arbitrarily), to move from 
generalisations to speciﬁcs. 
3. Modeling and Simulation Background 
This section describes the modeling principles and simulation method implemented to address the 
research problem. Modeling and simulation ﬁdelity is critical to the validity of results and this 
chapter details the research methodology applied. A model is a representation or approximation 
of a real system or phenomena and can be physical, mathematical or a logical representation [15]. 
It is a purposeful abstraction of a real system which aids the approximation of the system to a set 
of meaningful attributes [16]. The level of abstraction and underlying assumptions may affect the 
validity and ﬁdelity of the model and simulation output. Understanding what attributes of the 
modeled system to abstract is one of the main challenges in modeling any system. Simulation, 
however, involves the execution of the model over time. To investigate this problem, a software 
model of key system segments were developed using Matlab and simulated to investigate different 
aspects of the research problem. The models were based on standard aerodynamic and 
communication link equations. The system models are designed to be modular in nature for 
smoother implementation and debugging. Each system abstraction was developed as a software 
model. For instance, the HAPS aircraft model is based on established aerodynamic equations for 
lift, drag, thrust and weight (model and system speciﬁcations are shown in the next section). 
3.1 HAPS Model and System Speciﬁcations 
The chosen HAPS platform for this research is a solar-powered unmanned aerial vehicle with 
characteristics typical of emerging HAPS platforms. The model used in these simulations includes 
the kinematic model of the aircraft in 6 degrees of freedom (3 translational and 3 rotational), a 
solar model supported by an energy management algorithm and a communications model. To 
successfully model the HAPS system as conceived for this project the following models and 
concepts were applied; 
• Reference Frame Transformation. 
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• HAPS Flight Dynamics Model. 
• HAPS Navigation Model. 
• HAPS Solar Energy Model. 
The above concepts and models are further described in some details in the sections below. 
3.2 Reference Frame Transformation 
HAPS as an aerial vehicle has kinematic attributes and requires precise resolution of reference 
frames and coordinate systems for accurate analysis of its motion in space. Reference frames are 
mathematical constructs or systems that are used to specify or establish distances and direction 
[17], [18] and could be inertial or non-inertial. Coordinate systems, however, are measurement 
systems for locating points in space [17], [18] in a given reference frame, with coordinates and 
an origin. In essence, reference frames are quantiﬁed by coordinate systems [19], these terms 
should not be used interchangeably. The modeled HAPS vehicle is deﬁned by its orientation in 
3-dimensional space and with its orientation parameters, the angle of incidence of solar radiation 
on the HAPS solar panels can be calculated. Accurately tracking the Sun’s elevation angle and 
the local HAPS orientation involves complex coordinate system transformations. The model was 
relied on for the transformation of reference frames and coordinate systems which is central to 
achieving accurate simulation results. The model adopted the World Geodetic System 1984 
standard (WGS-84), which speciﬁes the shape of the earth as oblate spheroid with circular cross 
section at any given latitude, and an ellipse through a meridian, with identical axes lengths for all 
longitudes [20] i.e. 
1) Semi-major: a = 6,378,137 m 
2) Semi-minor: b = 6,356,752.3142 m. 
3.3 Flight Kinematics and HAPS Flight Dynamics Model 
The kinematics of mechanical systems or objects generally, describes their motion without 
considering the forces or mechanisms that produce these motions [17], [21]. All aircraft are 
governed by the laws of physics, however, their speciﬁc motion proﬁles are different depending 
on shape, weight, propulsion systems and atmospheric environment. The HAPS vehicle is treated 
as a body with a three-dimensional conﬁguration, with position deﬁned by the coordinates of a 
speciﬁc reference point on or in the body; while the velocity is deﬁned by the velocity of this 
reference point [21]. The HAPS heading and bearing deﬁnes its navigation and orientation vectors 
with respect to the speciﬁc reference frame under consideration. The model is further simpliﬁed 
to address the restrictions of 6 degrees of freedom (6DOF) by decoupling the kinematics to 
consider only simple turns for both the horizontal and vertical components of motion of the HAPS 
platform [22], [23]. In this research work, the solar-powered HAPS is modeled as a parameterised 
aircraft model in three-dimensional space [22]. This simpliﬁed model is derived from reasonable 
abstractions and assumptions valid within the context of the research problem. Aerospace 
simulations require modeling of essential aspects of the vehicle and its kinematic attributes. The 
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model considers aerodynamic forces acting on the platform, these forces such as lift, drag and 
thrust are computed based on established ﬂight dynamics model. 
The air density which changes with altitude has signiﬁcant impact on the kinematic model of the 
vehicle, as the thinner the air, the lesser the thrust developed by the propellers for any given 
propeller speed (in revolutions per second). The main aerodynamic forces acting on the HAPS 
such as lift, drag and thrust are dependent on the density of the atmosphere which varies with 
altitude [22], [21]. By specifying relevant parameters the aerodynamic proﬁle of the HAPS can 
be modeled using the standard atmospheric model to derive the density at any given altitude. The 
model equations were coded in MATLAB as functions and integrated into the model and 
simulation platform. 
3.4 HAPS Navigation Model 
The navigation model of the HAPS aircraft deﬁnes its movement from one location to another 
within the simulation scenario. In any navigational system the vehicle position given in 
geographic coordinates ( geodetic latitude, geodetic longitude and altitude) is the key parameter. 
The model is simpliﬁed to use basic dead reckoning principles for HAPS navigation. Navigation 
is achieved by extrapolation of the current(known) latitude and longitude of the HAPS to obtain 
the ’next’ latitude and longitude using the aircraft speed and heading vectors. The simulation 
applies spherical earth model unless for very short distances where ﬂat earth implementations can 
be used with negligible error. By employing this navigational principle the HAPS movement is 
modeled to approximate real aircraft systems within abstractions relevant for the problem. The 
effect of wind turbulence or wind induced course errors are assumed to be negligible due to 
stratospheric wind proﬁle which is relatively mild [24]. 
3.5 HAPS Solar Energy Model 
This sub-section describes how the solar energy proﬁle of the HAPS system is modeled. The 
accuracy and validity of the model is of critical importance to the simulation output and analysis. 
The model is based on standard insolation parameters and Sun ephemeris data. The reference 
frame transformation model is also very important in modeling accurate insolation proﬁles at any 
geographical latitude. The derivation of the angle of elevation of the Sun on the HAPS solar panels 
cannot be derived directly as both objects exist in different reference frames. To obtain the Sun’s 
elevation angle in HAPS Aircraft Body Frame (ABF), a standard process of transformation is 
required as described earlier. The simulation process executes the matrix transformation and 
determines the Sun elevation angle in the right reference frame and outputs value for computing 
the instantaneous Solar output power. The HAPS solar modules are modeled as a single module 
deﬁned by the surface area of the wing with dimensions as reﬂected in table 1. The attitude of the 
HAPS with respect to wing orientation is assumed aligned along the direction of ﬂight. This model 
provides valid solar model outputs comparable for instance to lower altitude simulation model 
output as given by Oettershagen et al [13]. However, future models will explore incorporating 
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attitude adjustment manoeuvres to expose the wing area to more sunlight while the gimbal 
assembly focuses the antenna for consistent ground coverage. Another essential aspect of the solar 
model is the battery storage module which is modeled with the energy density (400W-hr/Kg is 
assumed for this model) and battery weight parameters also captured in ﬁgure 2. The key elements 
for the solar energy model applied within the work are [22]; 
• Area of HAPS Solar Panel (HP) 
• Efﬁciency of Panel (ηP) 
• Insolation of the Sun (Is) 
• Obscuration of the Panel (OP), 0 ≤ OP ≤ 1, (where, 0 = Total Obstruction and 1 = 
Unobstructed) 
• Sun elevation angle (εS) 
HAPS solar power (HSP), is derived from the solar model equation expressed as; 
                                                      𝐻𝑆𝑃 =  𝐼𝑆 𝐻𝑃 η𝑃 𝑂𝑃 cos ε𝑆                                                     (1)             
The values of the parameterized model used for this simulation are shown in the tables 1, 2 and 
3. 
Table 1 HAPS Physical and Aerodynamic Speciﬁcations 
S/N Item Specification Justification 
1 Aircraft Mass 100kg Zephyr-S Class 
2 Payload Mass 20kg Experimentally Derived 
3 Main Battery Mass 25.5kg Specific to Model 
4 Flight Control System 
(FCS) Battery Mass 
3.5kg Specific to Model 
5 Area of Wing 50m2 32m span, 2m chord, 
tapered tip 
6 Area of Drag 0.5m Effective Drag Area 
7 Coefficient of Drag 1.5 Generic for Slow Aircraft 
8 Coefficient of Lift 0.90 Generic for Slow Aircraft 
9 Propeller Pitch 1 Assumed 
10 Propeller Diameter 2m Assumed 
11 Propeller Efficiency 0.8 Assumed 
12 Propeller Motor 0.8 Assumed 
The parameters in table 1 describe the model of the HAPS simulated in this work. Similarly, the 
speciﬁcations of the solar model and related power parameters are shown in table 2 below.  
Table 2 HAPS Electrical and Power System Parameters 
S/N Item Specification Justification 
1 Area of Solar Panel 37m2 Specific to Model 
2 Solar Panel Efficiency 0.25 Assumed 
3 Obscuration 0.95 Typical Value 
4 Energy Density 400Whr/Kg Specific to Model 
5 Payload Power 80 Watts Specific to Model 
6 FCS Power 20 Watts Specific to Model 
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While, table 3 describes the HAPS system communications and link budget parameters which 
ultimately deﬁnes the proﬁle of the service segment e.g. HAPS communications payload power 
and link data rates. The link budget is based on a payload power of 80 Watts, with the simulated 
HAPS able to support about 100 subscribers with each downlink connection consuming about 
0.83Watts of power. 
Table 3 HAPS System Communications and Link Budget Parameters 
S/N Item Specification Justification 
1 Half Power Beam 
Width (HPBW) 
145 degrees Specific to Model 
2 Normalised Signal to 
Noise Ratio (Eb/No) 
10 dB Assumed for Link 
3 EIRP Depends on 
Slant Range 
Power to support 1 subscriber 
at edge of cover 
4 Data Rate 0.5 Mbit/s Desired Link Data Rate 
5 HAPS Transmitter 
Antenna Efﬁciency 
0.75 Assumed for Model 
6 Ground Receiver Antenna 
Gain 
1 Assumed for Model 
7 Signal Frequency 7 GHz Assumed for Model 
8 System Noise Temperature 350K Standard 
 
3.6 Model Validation and Assumptions 
The HAPS aircraft and communication models are based on standard models for ﬂight 
performance and communications link budgets and can be validated against these standard 
models. However, validation of the simulation output which is essentially an integration of all 
models into a system is more challenging. Therefore, various validation procedures are being 
developed for this work and will continue to be improved over time. Every simulation output is 
tested for statistical signiﬁcance and to isolate noise due to errors or bugs. Model and simulation 
validation and veriﬁcation is a critical aspect of all research based on computer modeling and 
simulation methodology. 
Below are some assumptions made on the simulated models; 
• The HAPS platform does not accelerate (Velocity is constant). 
• Effect of wind turbulence is negligible. 
3.7 Validation Analysis and Generalisation 
In order to verify and validate the model and to further provide some generalisation of the 
methodology applied to the work, a series of simulation was carried out on major latitudes of the 
earth. These latitudes were selected based on a 30 degree spacing starting from the equator 
northwards an southwards. This approach provided a universal picture and an easier analytical 
framework to base the validation. It is also makes veriﬁcation of the model by third party much 
easier as these locations may have existing mappings of irradiation. The latitudes investigated are; 
30, 60, 90 degrees (North and South) including the equator which is 0 degrees.  
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Figure 1, shows the solar power proﬁle over the selected latitudes and provides an irradiation 
distribution over the geographical regions during a speciﬁc time and season of the year (mid-
winter). It can be deduced from the graph as expected that implementing HAPS in some latitudes 
will present signiﬁcant challenges as solar energy will be inadequate. For instance operating 
HAPS at 60 degrees north and below may be infeasible during this period and therefore, requires 
critical considerations. The solar irradiation at below 4000 watts for a limited time of the day will 
not able to sustain ﬂight, propulsion and payload requirements of any active HAPS platform. 
 
Figure 1 Mid-Winter Solar Proﬁle Figure 2 Mid-Summer Solar Proﬁle 
The mid-summer implementation is almost a reverse of the winter scenario. Figure 2, shows the 
solar proﬁle over the latitudes and clearly provides insight on where operational challenges of 
implementing HAPS will be most signiﬁcant. Impelementing HAPS anywhere around 60 degrees 
south of the equator will be problematic with below 4000 watts and no chance at all at the poles. 
Figures 3 and 4, describe the altitude proﬁle of the HAPS over different geographical locations. 
The altitude of the HAPS which is a function of available power directly affects the area coverage 
or its footprint. The HAPS will be forced to descend to lower altitudes if there are challenges with 
solar energy. This phenomenon will be demonstrated further in the section where speciﬁc cities 
where considered. However, the graph demonstrates that the poles (90 degrees North and South) 
are off-limits to implementing HAPS at least with this model of HAPS. Any implementation of 
HAPS at the poles will have to deal with enormous energy issues irrespective of season or time 
of the year. 
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Figure 3 Mid-Winter Altitude Proﬁle Figure 4 Mid-Summer Altitude Proﬁle 
4. Unmanned Haps And Autonomous Capability 
The simulated HAPS is designed to be unmanned (i.e. pilotless) and is expected to be operated 
with minimal human intervention. The essence of developing pilot-less HAPS addresses the 
fundamental question of risk and cost, which further impacts the commercial viability of the 
technology. HAPS by deﬁnition can be manned or unmanned but in this work, the unmanned 
version is considered for the already stated reasons.  
However, implementing unmanned HAPS creates an opportunity to extend its capability such that 
the HAPS can operate with minimal human intervention. In this work, autonomy is deﬁned within 
the context of the capability of the HAPS for decision making or self governance, however, levels 
of autonomy exist and may depend on design, functions and speciﬁcs of the mission [25]. 
Expectation is that the movement of HAPS platforms will be managed by fully autonomous 
algorithms maintaining network connectivity, data rate and coverage as mission objectives [26]. 
Current HAPS concepts have adopted the many-to-one operating operating paradigm where many 
operators manage one HAPS platform [27]. This approach is not sustainable due to cost and will 
need autonomous capability to resolve. In this work, one aspect of autonomy considered is the 
management of energy by the HAPS. The energy management algorithm provides some level of 
autonomous operation, whereby the HAPS manages its energy to ensure high availability; this is 
elaborated on in the next subsection. 
4.1 Energy Management Algorithm & Platform Endurance 
A rules-based energy management algorithm was designed for this simulation and manages the 
HAPS power and energy consumption proﬁle to achieve platform endurance. It manages 
decisions on how to dimension power resources to all units of the system with the objective of 
pioritising and switching between primary and secondary energy sources for successful missions 
(see ﬁgure 5).  
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Figure 5 HAPS Energy Management Decision Tree 
The energy management logic achieves the mentioned objectives by tracking solar power 
availability and switching to back-up batteries when inevitable and triggers gliding manoeuvre 
when energy resources reach critical minimum thresholds. Under such critical conditions the logic 
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shuts off power for propulsion and payload while the HAPS glides freely subject to glide 
dynamics consistent with the vehicles conﬁguration. However, the logic keeps monitoring 
relevant indicators and triggers ascent when appropriate. Another layer of redundancy is added to 
the system by separating the secondary power source into main and ﬂight control system (FCS) 
back-up battery units. The main battery unit supplies the propulsion and payload units while the 
ﬂight control system battery supplies only the avionics unit. This extra layer of redundancy is also 
managed by the logic and ensures that both batteries are adequately charged during solar powered 
operational phase of the mission. This algorithm manages one of the critical decision layers that 
deﬁne the autonomous attribute of the HAPS modeled in this work. The details of the logic are 
further captured in the diagram in ﬁgure 5, below and forms a core aspect of this research project. 
The successful performance of the energy management algorithm is central to the case of 
deploying solar-powered HAPS platforms. 
5. Simulation and Analysis of Results 
A series of simulations was run to compare how the HAPS system performed in providing  
overage of some subscribers or subscribers. The energy management system which is the key 
system on a solar-powered HAPS, was tested in two different regions of the world. Two scenarios 
and locations were considered; one at midsummer at low latitude (close to the equator), while the 
other was midwinter at a higher latitude (around Europe), equivalent to ﬂying missions in Africa 
and Europe. 
5.1 Operation of HAPS at High and Low Latitudes 
Changes in latitude, seasons and times-of-day affect the power available for HAPS propulsion 
and communications payload. In any practical HAPS implementation it is critical to understand 
how latitudinal variations will affect communications payload availability to subscribers and 
service users. The impact of latitude on HAPS altitude proﬁle directly affects coverage or service 
footprint. HAPS should be able to attain and maintain altitudes of above 17km, well above the 
cruising altitude of airlines, for ﬂight safety reasons. 
The HAPS platform was simulated in selected low and high latitudes to test impact of latitudinal 
and seasonal variations on communications payload power and by extension availability of 
service to potential subscribers. 
Figures 6 and 7 clearly show the impact of latitudes on altitude attainable during different seasons 
and times of the day. It can be seen that, during summer, the HAPS can climb to altitudes over 
25Km which translates to larger footprints. This trend was sustainable for all of the day into the 
night season for the higher altitude see Figure 6, with the back-up battery to support. It 
demonstrates that mid-summer implementation for solar HAPS will not be very challenging for 
this latitude if ﬂight and power parameters are well dimensioned. However, in contrast mid-
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summer night operations in the lower latitude (see Figure 7) did not fare as well since the HAPS 
needed to drop altitude at some point during the night/dawn phase of the mission. 
Figure 6 HAPS Altitude Proﬁle - High 
Latitude & Mid-Summer 
Figure 7 HAPS Altitude Proﬁle - Low 
Latitude & Mid-Summer 
 
The cause for this drop in altitude will be examined further when the insolation intensity and 
duration is analysed. The worst case scenario from the simulations carried out is the mid-winter, 
high latitude operation as shown in Figure 8 below. Due to extremely short day, the HAPS 
insolation could not provide enough energy to complete the mission and hence the extreme 
altitude loss leading to a crash of the platform. This demonstrates how latitude impacts and places 
limitations on the altitude proﬁle of the solar-HAPS. In this case the HAPS could not maintain 
altitude at 20-25Km or glide within acceptable thresholds of 17-10Km as seen in other cases. 
Therefore, from subscribers point of view there may be service interruptions at low latitudes at 
some point in the non-daylight times. This will particularly affect the subscribers at the edge of 
the footprint as they will be the ﬁrst ones to be dropped and the last ones to be restored. 
Figure 8 HAPS Altitude Proﬁle - High 
Latitude & Midwinter 
Figure 9 HAPS Operations Proﬁle - 
High Latitude & Mid-Summer 
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5.2 Available Payload Power 
The previous section showed that latitude and season inﬂuence the ﬂight proﬁle and hence the 
footprint size. This section examines the payload power based on 24-hour missions at different 
latitudes and seasons (mid-summer and winter). The HAPS circled at selected low and high 
latitudes providing communications service to subscribers. 
In the case of low latitudes (see ﬁgure 10) it is observed that, even though insolation intensity is 
higher, during mid-summer the night time is longer. This places higher demands on the battery, 
resulting in deeper discharge. In order to conserve power the energy management system shuts 
down the communications payload. 
This shut-down occurs in the overnight period when there are few subscribers active. As the 
requirements for current internet and communication services races towards ubiquitous and 
’always-on’ connected service, outages due to power will be a key challenge in HAPS 
implementation. 
After running simulations in high and low latitudes for various seasons, Figures 9, 10 and 11 show 
solar power, communications payload power and propulsion power proﬁles for the 24-hour 
duration of the test. Further explanations and analysis on the dynamics of the result is given in the 
next sub-section. 
Figure 10 HAPS Operations Proﬁle - 
Low Latitude & Mid-Summer 
Figure 11 HAPS Operations Proﬁle - 
High Latitude & Mid-Winter 
 
5.3 Service Availability and Coverage Proﬁle 
The service availability and coverage proﬁle of the simulated system is a function of available 
payload power. The power management algorithm implemented on the simulated platform 
dynamically manages available power and rations power distribution based on high level decision 
logic which determines distribution priority. Therefore, available power for running the 
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communications payload determines how much subscribers will be covered and hence HAPS 
availability and coverage performance. 
From the simulation results the service proﬁle of solar HAPS platforms is affected by the latitude 
of operation and the season of the year including daily variations of day and night durations. 
HAPS implementation in high latitudes demonstrate signiﬁcant difference in service proﬁles in 
mid-summer and mid-winter. In mid-summer service availability remained constant with the 
system supplying the needed communications payload power. In this scenario service availability 
and coverage will attain consistent positive performance as power availability is maintained. 
However, in mid-winter the service proﬁle changed signiﬁcantly, with more than 4 hours 
continuous outage of service due to drain on main battery and no solar power. In this case, 
coverage will be affected during the period and hence system availability performance will be 
adversely affected. This service proﬁle is not sustainable and will need technological innovation 
to mitigate this problem. Another signiﬁcant service proﬁle impact is seen from the low latitude 
implementation where service was continuously interrupted for about 1 hour which is still a 
challenge. From the result the propulsion power and communications payload was adequately 
managed to optimise energy resources and push the HAPS through the critical phase of the night 
mission. By rationing supply to the payload and trading coverage for power the HAPS prioritizes 
persistence over service gains.  
The solar power proﬁle on closer observation indicates some noise introduced by the variation of 
sun angle at dawn, ampliﬁed by the circular movement of the HAPS. This motion keeps altering 
the solar panel exposure to the rising solar rays, and causing the algorithm to sense varying sun 
angle measurements, switching back and forth between battery and solar sources. This 
phenomenon is clearly shown in ﬁgures 10 and 11 above. This problem may be resolved by 
deﬁning a threshold value before the system is completely switched to solar power below which 
it remains on battery. 
6. Conclusion and Future Work 
The geographical impact of implementing HAPS involves understanding how latitude and 
seasons will affect its operations and performance. A careful analysis of this phenomenon as it 
affects HAPS operation speciﬁcally has been attempted in this work. From a design and 
development perspective this understanding may direct how hardware (platform etc) and 
software(algorithms) can be designed to aid HAPS performance in challenging locations of the 
world, where HAPS services may be required for normal or emergency applications. 
The provision of persistent communications services from a solar-powered HTA HAPS will be 
highly reliant on the energy management system. Overnight the energy management system needs 
to balance the demands of allocating power to propulsion, keeping the altitude constant and 
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maintaining a constant footprint, and providing power to the payload to maintain continuous 
support for subscribers. Some payload downtime might be possible for voice services where 
demand is often low overnight. The growth of ’always on’ data services means that the option of 
turning off the payload is not permissible. 
The problems of energy management become more acute at higher latitudes. The longer nights, 
correspondingly shorter days, and lower solar elevation in winter can result in complete battery 
discharge and possible loss of the aircraft. Increasing battery capacity merely adds weight and 
places more load on the propulsion system and wings. This indicates that, for any platform, there 
is a maximum latitude at which it can be expected to operate. 
This leads to some interesting challenges for future research. Simulations are ongoing to explore 
improving performance at the highest latitude at which the current HAPS model can operate. This 
will lead to ideas for optimising the aircraft model to permit operation at the highest possible 
latitude. The design of the energy management system could also be improved, in particular the 
power supplyto the payload, could be made dynamic so that power is reduced in steps overnight. 
This paper proposes that successful performance of energy management algorithms will be central 
to the case for deploying solar-powered HAPS platforms for communications or other purposes. 
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